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1. A history of regeneration research 
Regeneration is the biological process wherein lost body parts are replaced. The 
concept of regeneration has expanded which wildly contains renewal and/or restoration 
of cells, tissue, organ, and whole body caused by injury or damage. Researches on 
regeneration have already started several centuries ago. In 1712, the French Scientist 
(René-Antoine Ferchault de Réaumur) who was one of first systematic focus on 
regeneration reported an observation of the limb regeneration on crayfish. After that, 
biologists fascinated by regeneration have worked on uncovering the mechanism of 
regeneration process among organisms. Many studies for regeneration were just 
descriptive reports by observing the phenotype of species during regeneration until the 
beginning of 19th century. After the rise of molecular biology in 20th century, many 
biologists made use of molecular methods to study genes, cells and tissues responding 
to regeneration (Ferrari et al. 1998; Michalopoulos et al. 1997; Okada 1996) or some 
chemicals influencing regeneration (Schnell & Schwab 1990). Many researches have 
been revealing the molecular basis for regeneration of some specific species such as 
hydra and planarian (Schummer et al. 1992; Agata & Watanabe 1999; Alvarado & 
Newmark 1999), but there are still ambiguous molecular, cellular, and evolutionary 
phenomena on the regeneration process (e.g., unknown common molecular 
mechanisms controlling regeneration among distantly related species). Nowadays, new 
advanced techniques such as next-generation sequencing and highly-performance 
supercomputing enable us to work on regeneration for extensive species using high-
throughput, genome-wide data, and thus the development of regenerative biology field 
by utilizing such technologies is expected. 
 
2. Classification of regeneration 
There are multiple types of regeneration across phyla in metazoan such as limb 
regeneration of newt, fin regeneration of fish, oral regeneration of sea anemone, or 
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whole-body regeneration of planarian. Several studies showed the classification of the 
regeneration levels. Based on whether blastema is formed after wound healing, Agata 
et al. (2007) introduced two types of regeneration which were epimorphosis and 
morphallaxis. Epimorphosis is that old stump involving cell proliferation and the 
formation of a blastema without dramatic rearrangement such as limb regeneration in 
newt (Eguchi et al. 2011; LeBrasseur 2006). On the other hand, morphallaxis is that 
remaining parts is drastically rearranged for formatting all lost body part without 
constructing blastema such as regeneration in hydra (Bosch 2007). New structures are 
formed from remodeled existing tissue rather than from new cells. Bely and Nyberg 
(2009) classified the regeneration into five biological levels based on lost types of body 
which were regeneration of whole body, structure, internal organ, tissue, and cell. 
Furthermore, regeneration of anterior-posterior is also a kind of regeneration 
classification (Bely 2006; Petersen & Reddien 2009; Somorjai et al. 2012; Umesono et 
al. 2013). Although there are different types of classifications for regeneration, in 
particularly, I focused on the evolution of high regeneration ability of metazoans in this 
dissertation. 
 
3. Variety of the degree regeneration ability 
Almost all metazoans from sponge to human have the regenerative ability, but the 
degree of the regeneration ability diverges too much. In this section, I review 
regeneration abilities for cnidarians, planarians, mollusks, nematodes and birds for 
understanding the diversity of regeneration. I also provide the overview of whole-body 
reconstructing as the extremely high regeneration ability, structure rebuilding as 
intermediate regeneration ability and just wound healing as low regeneration ability 
among metazoan species.  
 
Cnidarians 
Cnidarians which have the extremely high regeneration can regrow a new individual 
from a small body fragment (Baguñà 1998; Bosch 2007; Agata & Umesono 2008; 
Petersen & Reddien 2009; Tasaki et al. 2011; Li et al. 2015). Gierer and Berking 
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dissociated hydra into single re-aggregated cells (now is i-cells), the new polyp was 
reconstituted from the cells within next few days (Gierer & Berking 1972). It was 
proved that stem cells mainly respond to regeneration. Hydra contains three stem cell 
systems, two ectodermic and endodermic epithelial stem cells and i-cells system (Bosch 
2007). The epithelial stem cells differentiate into cells for constructing ectoderm and 
endoderm. The i-cells system can differentiate into 4 types of cells in hydra, which are 
two types of secretory cells and two types of gametes (Bode 1996). Based on these 
regeneration systems, hydra regenerate an entire individual not only from tissues but 
also from cells (Bode & Bode 1980; Shimizu et al. 1993).  
Nematostella vectensis is another typical model for studying regeneration of 
Cnidarians. It has been reported that N. vectensis had highly regenerative capable of 
whole body axis regeneration within a week (Layden et al. 2016). Firstly, the 
mesenteries, which are consistent with gonads, cnidocytes (stinging cells), and 
myoepithelial cells that allow the animal to quickly contract along the long axis, gather 
together and transferred to the hurting site after amputation. Next, the tentacle bulbs 
become visible in remained body part. Finally, there is a progressive elongation and 
formation of those structures in the amputated N. vectensis (Amiel et al. 2015).  
 
Annelida 
Some Annelida species such as sabellid, lumbriculid and chaetopterid have ability to 
reconstruct whole body from one or several body fragments (Morgulis 1907; Berrill 
1928). The phenomenon of segmental regeneration is common among Annelida 
(Alexandra E Bely 2006a). In contrast, leeches or their close species such as 
branchiobdellids totally lost the segmental regeneration ability (Bely 2014; Alexandra 
E Bely 2006a; Bely & Nyberg 2009). Thus, the degree of the regeneration ability in 
species belonging to Annelida phylum has diverged. 
 
Mollusca  
By comparing with annelids and cnidarians, molluscs do not have highly regenerative 
capability, but many of them can regenerate the body structure. For example, 
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regeneration of neural system was reported by (Moffett 1995, 1996). Hydrobia ulvae 
which belongs to Gastropoda is able to regenerate new head structure (Gorbushin et al. 
2001). In addition, eye regeneration of some Gastropoda (Tartakovskaia et al. 2003) 
and arm regeneration of Octopus (Fossati et al. 2013) were reported. 
 
Nematodes and birds 
It has been reported that the birds have week regeneration ability such as capable of 
regenerating only partial beaks, live and hair cells (Werber and Goldschmidt 1909; 
SIDOROVA 1962; Cotanche et al. 1994). Nematodes also have low regenerative ability 
and just do wound healing which is common phenomena among all animals (Alexandra 
E Bely 2006b; Bely & Nyberg 2009).  
 
4. Origin of high regeneration ability 
It is still unknown that evolutionary mechanism for the divergence of regenerative 
capabilities among metazoans. In regenerative biology field, there are two main 
hypotheses for the mechanism. One hypothesis is that the common ancestor of 
metazoans had high regenerative capacities, and some species in distantly related phyla 
lost the ability during evolution. Another hypothesis is that the common ancestor did 
not have high regenerative capacities, and descendants acquired high regenerative 
ability independently during evolution (Alvarado 2012). Nowadays, several researchers 
supported the former hypothesis (Slack 2017; Bely 2010; Alvarado 2012; Brockes et 
al. 2001), however they focused only on the phenotypes of regeneration for supporting 
the hypothesis regardless of the molecular foundation for regeneration. 
 
5. Summary for my dissertation 
The general aim of this dissertation is to provide novel insights into common molecular 
basis conserved in the highly regenerative ability in metazoans. I conducted genome-
wide comparison between high and low regenerative species to identify regeneration 
related genes shared among high regenerative species but lost in low regenerative 
species. I also examined the expression levels of genes in some high regenerative 
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species during regeneration using RNA-Seq datasets. Then, I examined regenerative 
function of the identified genes by RNA interference (RNAi) in planarian, Dugesia 
japonica.  
 
Chapter 1. I explored how to classify the levels of regeneration based on previous 
reports, and then identified the high regeneration related genes (defined as candidate 
genes) specially conserved in highly regenerative metazoans using the genomes of 133 
metazoans based on the regeneration classification. Finally, I examined the expression 
levels of the candidate genes that response to the regeneration process using publicly 
available RNA-Seq datasets of four high regenerative species.  
Chapter 2. I explored the expression pattern of the candidate genes and their function 
for regeneration in extremely high regenerative planarian, Dugesia japonica. The 
expression pattern of candidate genes in intact planarian is examined by whole-mount 
in situ hybridization. To examine the function for regeneration, I investigated the 
phenotypes of amputated planarians after knockdown of the candidate genes by RNA 
interference (RNAi). Based on the series of obtained results, I provide the evidence in 
which the candidate genes are highly associated with regeneration. 
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Chapter 1: Genes encoding Jumonji C domain-containing 
proteins are specifically conserved in highly regenerative 
metazoans and undergo expression changes during 
regeneration  
Abstract 
The capacity for regeneration varies greatly among metazoans, although little is known 
about the evolutionary processes leading to different regeneration abilities. In particular, 
highly regenerative species such as planarians and cnidarians can regenerate the whole 
body from an amputated fragment; however, a common molecular basis, if any, among 
species with high regeneration abilities remains unclear. Here I show that genes 
encoding Jumonji C (JmjC) domain-containing proteins are responsible for high 
regeneration ability. I classified 132 fully sequenced metazoans into two groups with 
high or low regeneration abilities and identified 128 genes conserved in the highly 
regenerative group that were lost in species of the low-regeneration group during 
evolution. 95% of them were JmjC domain-encoding genes. I denoted the candidate 
genes high regenerative species-specific JmjC domain-encoding genes (HRJDs). I 
observed losses of HRJD in Helobdella robusta, which lost its high regeneration ability 
during evolution based on phylogenetic analysis. By RNA-Seq analyses, I observed 
that HRJD orthologues were differentially expressed during regeneration in two 
Cnidarians (Nematostella vectensis and Hydra vulgaris), as well as Platyhelminthes 
(Schmidtea mediterranea) and Urochordata (Ciona intestinalis), which are high 
regenerative species. HRJD paralogs regulate gene expression by histone 
demethylation; thus, HRJDs may be related to epigenetic regulation controlling stem 
cell renewal and stem cell differentiation during regeneration. I propose that HRJDs 
play a central role in epigenetic regulation during regeneration.  
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Introduction 
Regeneration is a process wherein lost body parts are replaced, and unveiling the 
complicated biological processes associated with regeneration is still a major challenge 
in biology. The regeneration abilities of metazoans have been classified into five levels, 
including regeneration of the whole body, structural elements (e.g., limbs, tail, and fins), 
internal organs (e.g., heart and liver), tissues (e.g., gut lining), and cells (e.g., axon and 
muscle fibre regeneration) (Bely & Nyberg 2009). Based on the phylogenetic 
distribution of high regenerative species in metazoans, the highly regenerative ability 
originated from early animals after they acquired multi-cellularity as an 
epiphenomenon of development (Bely & Nyberg 2009). Regeneration is an obvious 
beneficial trait; however, large differences in the regeneration capability occur among 
metazoans (Agata & Inoue 2012; Bely & Nyberg 2009). For example, planarians and 
sea anemones can regenerate a new individual from a piece of the body, whereas some 
animals such as birds and nematodes cannot regenerate any structures (Bely & Nyberg 
2009; Agata & Inoue 2012; Sánchez 2000). It is quite important to understand a 
molecular basis leading to the different regeneration abilities among metazoans, 
although the evolution of regeneration has been poorly understood yet (Sánchez 2000; 
Agata & Inoue 2012; Bely & Nyberg 2009; Bely et al. 2014). 
Regeneration requires body parts to be restored by stem cells, which are 
undifferentiated cells (Agata & Watanabe 1999; Newmark & Alvarado 2001; Agata et 
al. 2006). Stem cells from high regenerative species (such as cnidarians) are capable of 
continuous self-renewal, whereas those in low regenerative species (such as vertebrates) 
lose that ability over time. In planarians, stem cell differentiation is trigged by injury, 
and the proliferative response causes the stem cells to form blastemas, which are 
undifferentiated cells with an ability to regenerate lost body parts (Tasaki et al. 2011; 
Wenemoser & Peter 2011). 
The genetic basis of the regeneration process for several species is being 
independently studied. Umesono et al. showed that the extracellular signal-related 
kinase (ERK) and Wnt/β-catenin signalling pathways play essential roles in planarian 
regeneration (Umesono et al. 2013). The authors also suggested that ERK signalling 
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forms a spatial gradient in the anterior region during regeneration. The gene (nou-
darake) which participates in ERK signalling pathways, encodes a fibroblast growth 
factor receptor (FGFR)-like protein that is expressed during head regeneration 
(Francesc et al. 2002). β-catenin activity is also a main factor that negatively regulates 
ERK signalling during planarian tail regeneration (Tsang & Dawid 2004b). Lin et al. 
found that Wnt activity up-regulates FGF activity, and both of these proteins are up-
regulated by Bone Morphogenic Protein (BMP) signalling pathways during Xenopus 
tadpole tail regeneration (Lin & Slack 2008). ERK activation is negatively regulated by 
the expression of mkp3, sef, and spry4, which are related to stem cell renewal in some 
model species (e.g., mouse, human, and zebrafish) (Tsang & Dawid 2004a). Lee et al. 
showed that FGF signalling strictly dominates the expression levels of mkp3, sef, and 
spry4 to regulate blastemal proliferation, the regenerative growth rate, and FGF 
signalling, which precisely define the position during zebrafish appendage regeneration 
(Lee et al. 2005). 
Regeneration has been studied for hundreds of years (Dinsmore 1992) and several 
key molecules (introduced above) for regeneration have been identified; however, a 
common genetic basis (if one exists) conferring a high regeneration ability among 
metazoans is still unknown. New techniques such as next-generation sequencing and 
highly-performance supercomputing enable high-throughput, genome-wide data 
analysis for extensive species. A recent report revealed a common set of differentially 
expressed genes responding to the regeneration process among distantly related species 
(Fumagalli et al. 2018). It may be possible to identify conserved genes that are 
responsible for regeneration capacity in highly regenerative metazoans by performing 
comparative-genome and whole-transcriptome analyses. I hypothesized that a common 
ancestor of all metazoans had high regeneration ability and that particular genes were 
lost independently in multiple phyla, resulting in some species showing low 
regeneration in individual phyla. To test this hypothesis, I defined species that 
regenerate whole, anterior, or posterior body parts as high regenerative species, and 
other species that regenerate only appendages such as limbs, tails, fins, or lower 
structures as low regenerative species. According to this definition, I classified 
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metazoans with fully sequenced genomes as high regenerative species (Urochordata, 
Cephalochordata, Echinodermata, Hemichordata, Annelida, Brachiopoda, 
Platyhelminthes, Cnidaria, Placozoa, Ctenophora, and Porifera) or low regenerative 
species (Vertebrata, Arthropoda, Mollusca, and Nematoda) (Table 1-S1). The purpose 
of this study is to identify genes that are differentially expressed during regeneration in 
four highly regenerative metazoans (Schmidtea mediterranea, Nematostella vectensis, 
Hydra vulgaris, and Ciona intestinalis), whose orthologues were conserved only in the 
genomes of species in the highly regenerative group during evolution. The workflow 
for identifying the regeneration related genes is presented in Figure 1-1.  
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Materials and Methods 
Identification of genes specific to high regenerative species 
I downloaded the entire protein sequences of 128 metazoan species with fully 
sequenced genomes deposited in Ensembl (release 87) and Ensembl Metazoa (release 
33). I also downloaded the protein sequences of fully sequenced high regenerative 
species for Acanthaster planci v1.0 and Ptychodera flava v3.0 from OIST 
(http://marinegenomics.oist.jp), H. vulgaris from NCBI (Chapman et al. 2010), 
Branchiostoma floridae v1.0 from JGI Genome Portal (https://genome.jgi.doe.gov), 
Schmidtea mediterranea from SmedGD (http://smedgd.neuro.utah.edu), and Exaiptasia 
pallida v1.0 from REEFGENOMICS (http://aiptasia.reefgenomics.org). To identify 
genes conserved only in species of the highly regenerative group, I classified these 
species into two groups (low and highly regenerative species), based on their 
regenerative abilities according to the work of (Bely & Nyberg 2009) and related papers 
(Table 1-S1). In most phyla, the representative regenerative ability of a phylum reported 
by Bely and Nyberg (2009) is consistent with regenerative abilities of species in the 
phylum, but the degree of the regeneration ability does not match between Capitella 
teleta (high regenerative species) and Helobdella robusta (low regenerative species) in 
Annelida. I found that 117 species belonging to 4 phyla and 16 species belonging to 11 
phyla were in the low and highly regenerative groups, respectively (Table 1-S1). 
Cephalochordata was not classified in the highly regenerative group by Bely and 
Nyberg1, although a recent study reported the extensive regeneration ability of 
Branchiostoma lanceolatum (Somorjai et al. 2012); therefore, I classified 
Cephalochordata into the highly regenerative group. I conducted blastp searches using 
protein sequences of all potential high regenerative species as queries against protein 
sequences from each species used in this study to obtain homologues of potential high 
regenerative species (threshold: blastp score > 100). Genes conserved among all species 
of the highly regenerative group that were lost in all species of the low-regenerative 
group were regarded as candidate genes specific to high regenerative species. I also 
assumed genes in which a phylum of the low-regenerative group had the orthologue as 
candidate genes (Table 1-1). 
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RNA-Seq analyses of the regeneration process 
I used published RNA-Seq datasets for N. vectensis (Schaffer et al. 2016), H. vulgaris, 
C. intestinalis (Spina et al. 2017), and Schmidtea mediterranea (Zeng et al. 2018). 
During the regeneration process in N. vectensis, individuals were amputated into two 
parts, and total RNA from oral and physa blastemas were extracted at 0, 8, 24, and 72 
hpa (Schaffer et al. 2016). Total H. vulgaris blastema RNA was extracted from the head 
blastemas at 0, 2, 4, 6, 12, and 48 hpa. C. intestinalis RNA samples were also extracted 
from tissues of non-regenerated normal oral siphons immediately after amputation as 
controls and from tissues at different times during oral regeneration (1, 3, and 8 dpa) 
(Spina et al. 2017). The RNA samples of S. mediterranea were extracted from 
regenerating worms during different time course (0, 1, 3, 6, 9, 12, 24, 36, 48, 60, and 
72 hpa, and 4, 5, 6, 7, 10, and 14 dpa) (Zeng et al. 2018). The single-end libraries from 
H. vulgaris, N. vectensis, C. intestinalis, and S. mediterranea samples were sequenced 
using the Illumina HiSeq 2500, HiSeq 2000, and Ion Torrent Proton platforms, 
respectively. I downloaded RNA-Seq datasets derived from both normal and 
regenerative conditions for three high regenerative species from the Sequence Read 
Archive (SRA; https://www.ncbi.nlm.nih.gov/sra), which were previously deposited 
under accession numbers PRJNA270225 (H. vulgaris), PRJNA330595 (N. vectensis) 
and PRJNA421768 (S. mediterranea). I did not use raw C. intestinalis reads from the 
SRA because the number of mapped short reads from C. intestinalis could be 
downloaded from the Gene Expression Omnibus website 
(https://www.ncbi.nlm.nih.gov/geo). The numbers of RNA-Seq sample replicates for 
each stage were two, two, four, and three for H. vulgaris, N. vectensis, S. mediterranea, 
and C. intestinalis, respectively. 
I checked the quality of the downloaded RNA-Seq reads for H. vulgaris and N. 
vectensis by FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). 
Contaminating Illumina adapters in the reads and low-quality reads (quality value < 30) 
were excluded using FASTX_Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). Then, 
I aligned short RNA-Seq reads for H. vulgaris, N. vectensis, and S. mediterranea to 
 12 
their reference genomes from NCBI, Ensembl Metazoa (http://metazoa.ensembl.org), 
and SmedGD (http://smedgd.neuro.utah.edu), respectively, using Tophat2, version 
2.1.1 (Kim et al. 2013). Next, I estimated the read counts using HTSeq, version 0.6.1 
(Anders et al. 2015). Read counts for C. intestinalis were estimated according to our 
previously published procedure (Spina et al. 2017). Finally, I identified DEGs under 
normal and regenerative conditions in these three species using the “TCC” package, 
version 1.20.0 (Sun et al. 2013) in R. 
 
Identification of orthologous gene groups for four high regenerative species 
I conducted an all-against-all blastp search (blastp score >100) with the protein 
sequences for N. vectensis, H. vulgaris, S. mediterranea, and Ciona intestinalis, and 
found the best hit (highest blastp score) for each species. Genes sharing the same best 
hit were clustered for the four high regenerative species. I considered clustered genes 
as genes in the same orthologous gene group. I determined the number of orthologous 
gene groups depending on the presence of genes for the four species in an orthologous 
gene group. 
 
Phylogenetic relationships of JmjC domain-encoding genes in metazoans 
To understand the phylogenetic relationships of HRJDs in metazoans, I analysed all 
HRJDs in high regenerative species shown in Table 1-1 against outgroup genes. The 
inferred HRJD orthologues identified by blastp were included in the high regenerative 
species and Mollusca species. When searching for outgroup genes, I found a human 
gene (ENSG00000155666, KDM8) that was the best hit with respect to the protein 
sequences of our candidate genes in N. vectensis by blastp searching (blastp score > 
100). Then, I collected orthologues found in high regenerative species and in several 
model organisms (human, mouse, chicken, zebrafish, fruit fly, and worm) that were the 
best hits with respect to the human KDM8 protein sequence by blastp searching. I 
aligned the protein sequences using MAFFT v7.310 (Katoh et al. 2002) and generated 
a maximum-likelihood phylogenetic tree using RAxML, v8.2.10 (Stamatakis 2014).
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Results 
Regeneration-related genes conserved in high regenerative species 
To identify genes conserved only in the genomes of species with high regeneration 
ability, I conducted a blastp search against a database of protein sequences from 132 
metazoans (Table 1-S1) using the protein sequences of 14 species with the potential for 
high regeneration from 10 phyla as queries. No genes were specifically found in the 
genomes of species in the highly regenerative group (blastp score > 100; Table 1-1). 
Then, I used a less stringent condition in which the candidate genes included not only 
those in highly regenerative phyla, but also those in a phylum with low regeneration to 
screen for genes that are almost specific to high regenerative species. In this manner, I 
found 128 genes conserved in all species of the highly regenerative phyla and one 
phylum of species with low regeneration (Mollusca) (Table 1-1). As discussed below, 
I found their orthologue of the low regenerative species Helobdella robusta in the 
highly regenerative phylum Annelida (Bely & Nyberg 2009). 
 
JmjC domain-encoding genes conserved in high regenerative species 
To investigate protein domains found in genes conserved in highly regenerative species, 
I analysed their protein sequences using SMART (http://smart.embl-heidelberg.de/). 
Remarkably, most of the conserved genes encoded Jumonji C (JmjC) domain-
containing proteins (Table 1-1). Two (EDO46114 and ENSCINT00000030781) of the 
genes conserved in highly regenerative species did not have any known protein domain. 
I designated the JmjC domain-encoding genes as high regenerative species-specific 
JmjC domain-encoding genes (HRJDs). In general, JmjC domain-containing proteins 
are related to epigenetic factors and belong to a large gene family (Klose et al. 2006a). 
While many JmjC domain-containing proteins have other domains such as an FBOX 
domain or PHD domain (Klose et al. 2006b), HRJDs are in a group that contains only 
a JmjC domain. It has been reported that JmjC domain-containing proteins play an 
essential role in regulating stem cell renewal (Loh et al. 2007; Shen et al. 2009; Xiao et 
al. 2017). JmjC domain-containing proteins have conserved residues within the 
predicted cofactor-binding sites (Klose et al. 2006b; Xiao et al. 2017). Three amino 
 14 
acid residues bind to the Fe(II) cofactor, and two additional residues bind to αKG within 
the JmjC domain. There are amino acid variations in the conserved residues 
representing active or abrogated enzymatic activities. Each of the identified HRJDs has 
at least one orthologue with active amino acid residues in highly regenerative species, 
except for HrHRJD1 in H. robusta, which only has a different amino acid variation in 
the conserved residue, which may abolish protein function (Fig. 1). I examined whether 
the substituted amino acid in HrHRJD1 was deleterious by Provean (Choi et al. 2015) 
(http://provean.jcvi.org/). The Provean score was -6.350, which was deleterious. The 
result indicates that HrHRJD1 in H. robusta may have a divergent function compared 
with other HRJD orthologues. 
 
Phylogenetic relationship of genes in the HRJD family 
To examine the phylogenetic relationships of HRJDs in the fully sequenced genomes 
of metazoans, I analysed all HRJDs shown in Table 1-1. I also used the sequence for 
the human KDM8 protein, which is the closest human paralog for HRJDs, as well as 
KDM8 orthologues in high regenerative species and several model species (chicken, 
mouse, zebrafish, fruit fly, Caenorhabditis elegans, and Xenopus tropicalis) as 
outgroup genes. The phylogenetic tree showed that HRJDs and their orthologues in the 
high regenerative species clustered together and were completely separated from the 
KDM8 outgroup genes, as supported by high bootstrap values (100; Fig. 1-3). Note that 
I did not find any HRJD orthologues in low regenerative species except for the leech 
H. robusta, the Mollusca species. H. robusta had only one HRJD HelroP165856 
(HrHRJD1), and another Annelida (Capitella teleta) had three HRJDs (CtHRJD1, 
CtHRJD2, and CtHRJD3), as shown in Fig. 1-3. These results suggest that leech lost 
HRJDs during evolution. I propose that low regenerative species lost HRJDs 
independently during metazoan evolution. 
 
Changes in expression levels for HRJDs during regeneration 
To identify genes expressed in response to the regeneration process, I used RNA-Seq 
datasets from four highly regenerative metazoans (S. mediterranea, N. vectensis, H. 
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vulgaris, and C. intestinalis). Before analysing the RNA-Seq datasets, I obtained 3,070 
orthologous gene groups shared by the four high regenerative species (see Materials 
and Methods). RNA was extracted from oral and physa blastemas at 0, 8, 24, or 72 h 
post-amputation (hpa) in N. vectensis (Schaffer et al. 2016); from the head blastemas 
of H. vulgaris (0, 2, 4, 6, 12, and 48 hpa); and from the blastemas of C. intestinalis oral 
siphons (Spina et al. 2017) (0, 1, 3, and 8 d post-amputation [dpa]) to study their 
relationships with regeneration processes. RNA samples of S. mediterranea were 
extracted from regenerating planarians at 0, 1, 3, 6, 9, 12, 24, 36, 48, 60, and 72 hpa, 
and 4, 5, 6, 7, 10, and 14 dpa (Zeng et al. 2018). 
I identified 6,347, 7,649, 15,220, and 3,046 regeneration-associated differentially 
expressed genes (DEGs) in N. vectensis, H. vulgaris, S. mediterranea, and C. 
intestinalis, respectively, by comparing their gene-expression levels with those 
observed under normal conditions (Table 1-S2). Out of 3,070 orthologous gene groups 
(containing 39,510 genes) shared by the four high regenerative species, I identified 238 
orthologous gene groups (containing 6,304 genes) in which all four species had at least 
one DEG. One of them was an HRJD orthologous gene group (Fig. 1-S1). I found that 
four of nine, one of two, one of two, and four of 13 HRJDs overlapped with DEGs 
specific to N. vectensis, H. vulgaris, S. mediterranea, C. intestinalis, respectively. The 
expression levels of 11 DEGs are shown in Figure 1-S2. Not all HRJDs responded to 
the regeneration process, although DEGs were significantly enriched in genes of the 
HRJD orthologous group (11/26 vs. 6,304/39,510; P = 0.0013, χ2 test) during the 




Classification of regenerative abilities in metazoans 
Although (Bely & Nyberg 2009) classified regeneration of the whole body as an 
extremely high level of regeneration, I did not find any genes conserved only in species 
that can regenerate their whole body. Therefore, I considered the regeneration of 
anterior parts (including the head) and posterior trunk parts as potentially having high 
regeneration ability. However, regenerable structures vary in animals (e.g., the 
regeneration of head, limbs, fins, tails and so on). Based on this concern, I classified 
metazoan species into high or low regenerative groups, depending on the importance 
of the structure. To be more precise, appendage structures are less important than 
anterior (head of tunicates) and posterior (lancelets) body parts. Finally, I defined 
species that can regenerate whole-body, anterior, or posterior as high regenerative 
species, and those that can only regenerate appendages such as the limb, tail, fin or 
internal organs as low regeneration. 
 
JmjC domain-encoding genes associated with the regeneration process 
Common ancestors of metazoans would have a high regeneration ability, and many 
species appear to have lost that ability during evolution (Bely & Nyberg 2009). I found 
that HRJDs were conserved specifically in high regenerative species. The genes were 
lost in Vertebrata, Nematoda, and Arthropoda during evolution, although they were 
conserved in Mollusca. Bely and her colleagues pointed out that regeneration data for 
Mollusca are limited when compared with other phyla (Bely et al. 2014). Although 
Mollusca species cannot regenerate body parts, some of them can regenerate the head 
(Bely et al. 2014). In addition, it has been reported that Echinoderm larvae can 
regenerate whole body, but that Echinoderm adults cannot (Vickery et al. 2001; 
Reinardy et al. 2015). Mollusca possessing HRJDs may also have the potential for high 
regeneration in at least some spatiotemporal stages (e.g. the larva stage). Further studies 
are needed to understand the regeneration capability of Mollusca. HRJDs may have 
multiple functions, with one particular function related to high regeneration in Mollusca 
potentially being lost during evolution (Fig. 1-4). 
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Members of the Annelida phylum are classified as high regenerative species (Bely 
& Nyberg 2009; Bely 2014), although some species (such as leech) lost the ability to 
regenerate during evolution (Bely 2014). I surveyed HRJDs of C. teleta and H. robusta 
in the Annelida phylum and identified three genes conserved in C. teleta, but only one 
gene conserved in H. robusta (Table 1-1). Leeches lost two HRJDs and the regeneration 
ability during evolution (Fig. 1-3). High regenerative species have multiple HRJDs, 
whereas only H. robusta and the primitive multicellular aquatic metazoan Amphimedon 
queenslandica has one HRJD (Table 1-1). These findings suggest that the maintenance 
of multiple HRJDs is associated with a high capacity for regeneration. 
 
Functions of JmjC domain-containing proteins 
I propose the following model regarding the molecular functions of HRJDs, based on 
the known functions of their paralogs that are conserved in metazoans. Members of the 
family of JmjC domain-containing proteins are epigenetic factors that remove 
methylation markers on histones to regulate target gene expression and that form part 
of the epigenetic memory system to regulate the cell fate and identity (Klose et al. 2006a; 
Tsukada et al. 2006). It has been reported that lysine (K) and arginine (R) residues of 
histones can be methylated by paralogs of JmjC domain-containing proteins and that 
histone methylations correlate with transcriptional activation or repression based on the 
position of K, such as in H3K4 (Eissenberg & Shilatifard 2013), H3K9 (Park et al. 
2011), H3K27 (Wiles & Selker 2017; Hamada et al. 2015; Agger et al. 2007), H3K36 
(Hsia et al. 2010; Suzuki et al. 2016), or in states of demethylation including mono- 
(me1), di- (me2), or tri-demethylation (me3) (Martin & Zhang 2005; Lachner et al. 
2003; Chen et al. 2011). 
JmjC domain-containing proteins also serve essential roles in regulating stem cell 
renewal. Although low regenerative vertebrate species do not have HRJD orthologues, 
the paralog JMJD1C protein contains a JmjC domain and could demethylate H3K9 and 
thereby control ERK/MAPK signalling and the epithelial-to-mesenchymal transition, 
and regulate mouse embryonic stem cell self-renewal (Xiao et al. 2017). Other mouse 
paralogs (e.g. the Jmjd1a and Jmjd2c proteins) functioned as H3K9Me2 and H3K9Me3 
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demethylases to positively control stem cell renewal, and their depletion lead to stem 
cell differentiation (Xiao et al. 2017). The mouse paralog JmjC domain-containing 
proteins UTX, which is H3K27 trimethylase, regulates pluripotency, because somatic 
cells lacking UTX fail to reprogram back to pluripotency induced by transcription 
factors (Oct4, Sox2, Klf4 and Myc) (Mansour et al. 2012). The human paralogs UTX 
and JMJD3 are H3K27 trimethylases that decreased the expression level of H3K27me3 
associated with HOX genes and delocalized polycomb proteins in vivo during 
differentiation (Agger et al. 2007). Moreover, the cricket paralog UTX protein 
promoted joint formation through histone H3K27 methylation to regulate leg 
regeneration (Agger et al. 2007). I propose that HRJDs influence processes though 
epigenetic regulation. 
Although an orthologue of HRJD (Mina53-like1) in C. intestinalis (Table 1-1) was 
proposed to promote mesenchymal cell differentiation during embryo development 
(Tokuoka et al. 2004),  no association of this gene with regeneration in C. intestinalis 
has been examined. The expression level of Mina53-like1 in C. intestinalis was up-
regulated by embryonic overexpression of the fibroblast growth factor (FGF) genes 
FGF9, FGF16, and FGF20 during development (Tokuoka et al. 2004). FGF genes are 
important for regeneration processes in many species, such as planarians, zebrafish, and 
Xenopus laevis (Shibata et al. 2016; Lee et al. 2005; Fukui & Henry 2011). Furthermore, 
previous data indicated that many genes expressed during embryogenesis are also 
expressed during regeneration (Francesc et al. 2002; Lee et al. 2005; Lin & Slack 2008; 
Fukui & Henry 2011). Therefore, I speculate that mina53-like1 in C. intestinalis may 
also be related to regeneration. 
 
 
Table 1-1. Number of genes specifically conserved in high regenerative metazoans.
Phyla Species
(A) #genes lost in
all phylum of low
regenerative species
(B) #genes lost in







Annelida Helobdella robusta1 - 1 1
Annelida Capitella teleta 0 3 3
Brachiopoda Lingula anatina 0 5 3
Cephalochordata Branchiostoma floridae 0 21 21
Cnidaria Nematostella vectensis 0 10 9
Cnidaria Hydra vulgaris 0 2 2
Cnidaria Exaiptasia pallida 0 8 8
Ctenophora Mnemiopsis leidyi 0 3 3
Echinodermata Acanthaster planci 0 5 5
Echinodermata Strongylocentrotus purpuratus 0 3 3
Hemichordata Ptychodera flava 0 8 7
Mollusca2 Lottia gigantea - 2 2
Mollusca2 Octopus bimaculoides - 1 1
Mollusca2 Crassostrea gigas - 4 3
Placozoa Trichoplax adhaerens 0 17 16
Platyhelminthes Schmidtea mediterranea 0 2 2
Porifera Amphimedon queenslandica 0 1 1
Urochordata Ciona savignyi 0 18 18
Urochordata Ciona intestinalis 0 14 13
1H. robusta  is a low regenerative species having a JmjC domain encoding gene.










Helobdella robusta low - 1 Ensembl
Capitella teleta high Posterior part 2 Ensembl
Brachiopoda Lingula anatina high Posterior (Pedicle ) 3 Ensembl
Platyhelminthes Schmidtea mediterranea high Whole body 4 SmedGD
Acanthaster planci high Whole body 5 OIST
Strongylocentrotus purpuratushigh Whole body in larvae stage 6 Ensembl
Hemichordata Ptychodera flava high Anterior and posterior 7,8 OIST
Cephalochordata Branchiostoma floridae high Anterior and posterior 9 JGI Genome Portal
Ciona intestinalis high Anterior (oral siphon and heart)10-12 Ensembl
Ciona savignyi high Anterior (oral siphon and heart)10-12 Ensembl
Exaiptasia pallida high Whole body 13 REEFGENOMICS
Nematostella vectensis high Whole body 14 Ensembl
Hydra vulgaris high Whole body 15,16 NCBI
Porifera Amphimedon queenslandicahigh Whole body 17 Ensembl
Ctenophora Mnemiopsis leidyi high Whole body 18 Ensembl
Placozoa Trichoplax adhaerens high Whole body 19 Ensembl
Crassostrea gigas low - 20 Ensembl
Octopus bimaculoides low - 20 Ensembl
Lottia gigantea low - 20 Ensembl
Caenorhabditis elegans low - 20 Ensembl
Loa loa low - 20 Ensembl
Pristionchus pacificus low - 20 Ensembl
Trichinella spiralis low - 20 Ensembl
Brugia malayi low - 20 Ensembl
Caenorhabditis brenneri low - 20 Ensembl
Caenorhabditis briggsae low - 20 Ensembl
Caenorhabditis japonica low - 20 Ensembl
Caenorhabditis remanei low - 20 Ensembl
Onchocerca volvulus low - 20 Ensembl
Strongyloides ratti low - 20 Ensembl
Sarcoptes scabiei low - 20 Ensembl
Stegodyphus mimosarum low - 20 Ensembl
Tetranychus urticae low - 20 Ensembl
Ixodes scapularis low - 20 Ensembl
Strigamia maritima low - 20 Ensembl
Daphnia pulex low - 20 Ensembl
Lepeophtheirus salmonis low - 20 Ensembl
Atta cephalotes low - 20 Ensembl
Acyrthosiphon pisum low - 20 Ensembl
Aedes aegypti low - 20 Ensembl
Anopheles gambiae low - 20 Ensembl
Belgica antarctica low - 20 Ensembl
Dendroctonus ponderosaelow - 20 Ensembl
Drosophila ananassae low - 20 Ensembl
Drosophila erecta low - 20 Ensembl
Drosophila grimshawi low - 20 Ensembl
Drosophila melanogaster low - 20 Ensembl
Drosophila mojavensis low - 20 Ensembl
Drosophila persimilis low - 20 Ensembl
Drosophila pseudoobscuralow - 20 Ensembl
Drosophila sechellia low - 20 Ensembl
Drosophila simulans low - 20 Ensembl
Drosophila virilis low - 20 Ensembl
Drosophila willistoni low - 20 Ensembl
Drosophila yakuba low - 20 Ensembl
Heliconius melpomene low - 20 Ensembl
Lucilia cuprina low - 20 Ensembl
Megaselia scalaris low - 20 Ensembl
Melitaea cinxia low - 20 Ensembl
Nasonia vitripennis low - 20 Ensembl
Rhodnius prolixus low - 20 Ensembl
Tribolium castaneum low - 20 Ensembl








Zootermopsis nevadensis low - 20 Ensembl
Anopheles darlingi low - 20 Ensembl
Apis mellifera low - 20 Ensembl
Bombus impatiens low - 20 Ensembl
Bombyx mori low - 20 Ensembl
Danaus plexippus low - 20 Ensembl
Pediculus humanus low - 20 Ensembl
Solenopsis invicta low - 20 Ensembl
Vertebrata (Agnatha)Petromyzon marinus low - 20 Ensembl

	 Astyanax mexicanus low - 20 Ensembl
Danio rerio low - 20 Ensembl
Gadus morhua low - 20 Ensembl
Gasterosteus aculeatus low - 20 Ensembl
Latimeria chalumnae low - 20 Ensembl
Lepisosteus oculatus low - 20 Ensembl
Oreochromis niloticus low - 20 Ensembl
Oryzias latipes low - 20 Ensembl
Poecilia formosa low - 20 Ensembl
Takifugu rubripes low - 20 Ensembl
Tetraodon nigroviridis low - 20 Ensembl
Xiphophorus maculatus low - 20 Ensembl
Vertebrata (Amphibia)Xenopus tropicalis low - 20 Ensembl
Anolis carolinensis low - 20 Ensembl
Pelodiscus sinensis low - 20 Ensembl
Anas platyrhynchos low - 20 Ensembl
Ficedula albicollis low - 20 Ensembl
Gallus gallus low - 20 Ensembl
Meleagris gallopavo low - 20 Ensembl
Taeniopygia guttata low - 20 Ensembl
Ailuropoda melanoleuca low - 20 Ensembl
Bos taurus low - 20 Ensembl
Callithrix jacchus low - 20 Ensembl
Canis lupus familiaris low - 20 Ensembl
Cavia porcellus low - 20 Ensembl
Chlorocebus sabaeus low - 20 Ensembl
Choloepus hoffmanni low - 20 Ensembl
Dasypus novemcinctus low - 20 Ensembl
Dipodomys ordii low - 20 Ensembl
Echinops telfairi low - 20 Ensembl
Erinaceus europaeus low - 20 Ensembl
Felis catus low - 20 Ensembl
Gorilla gorilla low - 20 Ensembl
Homo sapiens low - 20 Ensembl
Ictidomys tridecemlineatuslow - 20 Ensembl
Loxodonta africana low - 20 Ensembl
Macaca mulatta low - 20 Ensembl
Notamacropus eugenii low - 20 Ensembl
Microcebus murinus low - 20 Ensembl
Monodelphis domestica low - 20 Ensembl
Mus musculus low - 20 Ensembl
Mustela putorius furo low - 20 Ensembl
Myotis lucifugus low - 20 Ensembl
Nomascus leucogenys low - 20 Ensembl
Ochotona princeps low - 20 Ensembl
Ornithorhynchus anatinus low - 20 Ensembl
Oryctolagus cuniculus low - 20 Ensembl
Otolemur garnettii low - 20 Ensembl
Ovis aries low - 20 Ensembl
Pan troglodytes low - 20 Ensembl
Papio anubis low - 20 Ensembl
Pongo abelii low - 20 Ensembl
Procavia capensis low - 20 Ensembl
Pteropus vampyrus low - 20 Ensembl
Rattus norvegicus low - 20 Ensembl
Sarcophilus harrisii low - 20 Ensembl





Sus scrofa low - 20 Ensembl
Carlito syrichta low - 20 Ensembl
Tupaia belangeri low - 20 Ensembl
Tursiops truncatus low - 20 Ensembl
Vicugna pacos low - 20 Ensembl
Vertebrata (Mammalia)
Table 1-S2. Number of differentially expressed genes during regeneration.
Species Regeneratedstructure Control Stage #DEGs
Nematostella vectensis Oral Immediately post amputation 8 hpa 2644
24 hpa 3147
72 hpa 2083
Physa Immediately post amputation 8 hpa 3447
24 hpa 2608
72 hpa 1802





Ciona intestinalis Oral siphon Immediately post amputation 1 dpa 668
3 dpa 104
8 dpa 706
Before amputation 1 dpa 1307
3 dpa 1897
8 dpa 1516
















Table 1-S3. The transcripts IDs and its abbreciation names for the candidate genes encoding JmjC-domain proteins in phylogenetic trees.
Genes Phyla Species Abbreviation names inphylogenetic tree Transcript IDs
HRJD genes Helobdella robusta HrHRJD1 HelroT165856
Capitella teleta CtHRJD1 CapteT207894
CtHRJD2 CapteT211217
CtHRJD3 CapteT205549


































Hydra vulgaris HvHRJD1 LOC100207979
HvHRJD2 LOC100210754









Mnemiopsis leidyi MlHRJD1 ML263513a-PA
MlHRJD2 ML174756a-PA
MlHRJD3 ML05738a-PA
















Crassostrea gigas CgHRJD1 EKC42692
CgHRJD2 EKC26117
CgHRJD3 EKC18722
Octopus bimaculoides ObHRJD1 Ocbimv22033383m.p





























Porifera Amphimedon queenslandicaAqHRJD1 PAC:15715280































KDM8 genes Annelida Capitella teleta CtKDM8 CapteT225438
Arthropoda Drosophila melanogasterDmKDM8 FBtr0331402
brachiopod Lingula anatina LaKDM8 g16564
CephalochordataBranchiostoma floridae BfKDM8 62000070
Exaiptasia pallida EpKDM8 AIPGENE27148
Hydra vulgaris HvKDM8 LOC100203259
Nematostella vectensis NvKDM8 EDO44721
Acanthaster planci ApKDM8 oki.27.50.t1
Strongylocentrotus purpuratusSpKDM8 SPU_016578
Lottia gigantea LgKDM8 LotgiT142327
Octopus bimaculoides ObKDM8 Ocbimv22032519m
Nematoda Caenorhabditis elegans CeKDM8 C06H2.3
Placozoa Trichoplax adhaerens TaKDM8 TriadT21598
Platyhelminthes Schmidtea mediterraneaSmKDM8 SMU15004368
Porifera Amphimedon queenslandicaAqKDM8 PAC:15717553
Urochordata Ciona intestinalis CiKDM8 ENSCINT00000034462.1
Homo sapiens HsKDM8 ENST00000441782.6
Mus musculus MmKDM8 ENSMUST00000033010.8
Gallus gallus GgKDM8 ENSGALT00000010182.5
xenopus tropicalis XtKDM8 ENSXETT00000047024.2








Figure 1-1. Schematic workflow of the identification of genes associated with high
regenerative ability. Ellipses, orange boxes, and black boxes represent the classification of
regeneration ability, collection of data, and data analyses, respectively. The black arrows indicate
the genomic analysis for identifying high regenerative species-specific genes. The grey arrows
indicate RNA-Seq analysis for identifying differentially expressed genes (DEGs) during
regeneration of high regenerative species.
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HFigure 1-2. Multiple sequence alignment for JmjC-domain of HRJD proteins. Red and blue
boxes represent amino acid residues associated with Fe(II)-binding and αKG-binding sites,
respectively. The amino acid of HrHRJD1 marked by red character is different with others.
Abbreviations of species names (Ap: Acanthaster planci, Aq: Amphimedon queenslandica, Bf:
Branchiostoma floridae, Ct: Capitella teleta, Ci: Ciona intestinalis, Cs: Ciona savignyi, Ep:
Exaiptasia pallida, Hr: Helobdella robusta, Hv: Hydra vulgaris, La: Lingula anatina, Ml:
Mnemiopsis leidyi, Nv: Nematostella vectensis, Pf: Ptychodera flava, Sm: Schmidtea mediterranea,






















































































































































































































































































































Figure 1-3. The phylogenetic relationship among HRJD genes in high regenerative species.
Phylogenetic tree of HRJD genes in the highly regenerative group aligned using MAFFT software and
built using the maximum-likelihood algorithm of RAxML. The gene IDs corresponding to the names on
the tree are shown in Table 1-S3. Branch lines shown in red and black indicate HRJD and KDM8
orthologues, respectively. The candidate genes of high regenerative species were phylogenetically
separated from the outgroup genes (KDM8 orthologues). Bootstrap values on internal branches near an
inferred root were shown in the tree. Abbreviations of species names (Ap: Acanthaster planci, Aq:
Amphimedon queenslandica, Bf: Branchiostoma floridae, Ce: Caenorhabditis elegans, Ct: Capitella teleta,
Ci: Ciona intestinalis, Cs: Ciona savignyi, Cg: Crassostrea gigas, Dr: Danio rerio, Dm: Drosophila
melanogaster, Ep: Exaiptasia pallida, Gg: Gallus gallus, Hr: Helobdella robusta, Hs: Homo sapiens, Hv:
Hydra vulgaris, La: Lingula anatina, Lg: Lottia gigantea, Ml: Mnemiopsis leidyi, Mm: Mus musculus, Nv:
Nematostella vectensis, Ob: Octopus bimaculoides, Pf: Ptychodera flava, Sm: Schmidtea mediterranea, Sp:
Strongylocentrotus purpuratus, Ta: Trichoplax adhaerens, Xt: Xenopus tropicalis).
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Figure 1-4. Overview of losses of high-regeneration ability and JmjC domain-encoding genes
in metazoans during evolution. Phylogenetic relationships of metazoan phyla used in this study.
Red and black characters indicate highly and low regenerative phyla (or species), respectively.
Black crosses and grey lines indicate losses of JmjC domain-encoding genes and regeneration
ability during evolution, respectively.
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Figure 1-S1. Venn diagram of orthologous gene groups among N. vectensis, H. vulgaris, S.
mediterranea, and C. intestinalis. Orthologous gene groups were identified by performing an all-
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0h 1h 3h 6h 9h 12h 24h 36h 48h 60h 72h 4d 5d 6d 7d 10d 14d
J SmHRJDb
Time of regeneration post amputation
Figure 1-S2. Expression changes of ten DEGs during regeneration in three high regenerative
species. The X-axis and Y-axis indicate the time after amputation and the FPKM values, respectively.
The error bars indicate the standard errors. The expression patterns of DEGs during regeneration in (A–
D) N. vectensis, (E–H) C. intestinalis, and (I) H. vulgaris, and (J) S. mediterranea are shown.
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Chapter 2: Role of genes encoding Jumonji C 
domain-containing proteins during the process of 
regeneration in planarians 
 
Abstract 
Freshwater planarians (Dugesia japonica) have extremely high regenerative ability 
among the animals which can regenerate a new individual from small piece body 
fragment. In the previous chapter, I identified two HRJDs in D. japonica (DjHRJDa 
and DjHRJDb) which would be related to high regenerative ability by genomic analysis 
and transcriptome analysis. In particular, I found that the expression level of DjHRJDb 
increased during regeneration in planarian. Thus, I predicted that the HRJDs have an 
important role in the regeneration process in planarians. To examine expression patterns 
of HRJDs in stem/differentiated cells, I conducted in situ hybridization using D. 
japonica with X-ray irradiation which specifically kills stem cells. I observed that two 
DjHRJDs expressed not only in differentiated cells but also in neoblasts. Furthermore, 
I investigated the function of the HRJDs in the regeneration process by RNA 
interference (RNAi). The results showed more than 50% of the head and tail parts of 
amputated planarians died during regeneration after RNAi of HRJD orthologues in the 
planarian, D. japonica. These results indicate that HRJDs are strongly associated with 
a high regeneration ability in planarian. HRJD paralogs regulate gene expression by 
histone demethylation; thus, HRJDs may be related to epigenetic regulation controlling 
stem cell renewal or stem cell differentiation during regeneration. I propose that HRJDs 
play a central role in epigenetic regulation during regeneration. 
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Introduction 
Freshwater planarians (Dugesia japonica) in Japan have extremely high regenerative 
ability among the animals which can regenerate a new individual from small piece 
fragment (Morgan 1901; Agata & Watanabe 1999). It has been proved that the high 
regenerative ability is due to the stem cells called neoblasts which generate a constant 
supply of progeny to sustain homeostasis of somatic cells (Agata & Watanabe 1999; 
Agata et al. 2006; Salvetti et al. 2000; Adell et al. 2010; Srivastava et al. 2014). 
Neoblasts in planarian differentiate to almost all known post-mitotic cell types found 
in multiple germ linages (Wagner et al. 2011). 
X-ray-sensitive cells were thought to be the neoblasts because X-ray irradiation 
results of the lost regeneration in planarian. Wolff and his colleagues proposed that 
neoblasts were present throughout the planarian body based on a series of convincing 
experiments with X-ray irradiation (Wolff 1962). The neoblasts quickly respond to 
regeneration by proliferation, migration and differentiation, and finally recovery or 
reform new part or new individual (Agata & Watanabe 1999; Agata et al. 2006; Salvetti 
et al. 2000; Adell et al. 2010; Srivastava et al. 2014).  
It has been reported that genes encoding germline-specific Argonaute members 
belong to PIWI family and proteins encoded by PIWI genes repress transposable 
elements (TEs) by specifically associating with PIWI-interacting RNAs (piRNAs) 
(Iwasaki et al. 2015; Juliano et al. 2011; Teixeira et al. 2017). piRNAs are small non-
coding RNAs which enriched in the germline in metazoans, and most piRNAs show 
antisense sequences to TE transcripts (Juliano et al. 2011; Iwasaki et al. 2015; Teixeira 
et al. 2017). Loss of piRNAs and PIWI proteins in the germline makes TE derepression, 
leading to infertility of mutant animals (Aravin et al. 2007; Khurana & Theurkauf 2010). 
PIWI proteins in D. japonica (Djpiwi homologs) bound with piRNA to form PIWI-
interacting RNAs (generally key mediators of PIWI-dependent transposon silencing) 
and were involved in the promotion of regeneration and homeostasis (Shibata et al. 
2016).   
In the previous chapter (chapter 1), for identifying the candidate genes associated 
with high regenerative ability, I conducted the genomic comparison among species in 
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high and low regenerative groups, and then identified high regenerative species-specific 
JmjC domain-encoding genes genes (HRJD). Furthermore, I observed that expression 
levels of HRJDs changed in the regeneration processes of four highly regenerative 
metazoans. In particular, I identified two HRJDs (DjHRJDa and DjHRJDb) in D. 
japonica which were identified specially conserved for highly regenerative ability. I 
expected that DjHRJDa and DjHRJDb play a central role in regulation of regeneration. 
In this chapter, I examined expression pattern of two HRJDs by whole-mount in situ 
hybridization (WISH), and the function of HRJDs for regeneration in planarian by 




Materials and Methods 
Whole-mount in situ hybridization 
The planarians (D. japonica, strain SSP) were cultured in an incubator at 22–24 ºC. The 
worms used in this study (5–7 mm in length) were starved for approximately 1 week 
before conducting the experiments. I conducted whole-mount in situ hybridization for 
two homologues (DjHRJDa and DjHRJDb) of our candidate genes in the planarian D. 
japonica, which is one of most well-characterised high regenerative species (Table 1-
1). Amplified DNA fragments of DjpiwiA (positive control) was inserted into plasmid 
according to a previous study (Shibata et al. 2016). DjHRJDa and DjHRJDb were 
cloned into the pCR II-TOPO and pBluescript SK (+/–) vectors, respectively. The 
DjpiwiA plasmid was linearized by digestion with SamI, and the DjHRJDa and 
DjHRJDb plasmids were linearized by digestion with BamHI. T7 RNA polymerase was 
used to prepare digoxigenin-labelled antisense RNA probes using linearized plasmids 
as the templates. The expression signals were detected using antisense RNA probes. 
The method followed was described in detail previously (Shibata et al. 2016). The 
sequences of primers used are shown in Table 2-1. 
 
Synthesis of DjHRJDa, DjHRJDb, EGFP, and DjpiwiB dsRNA 
I prepared dsRNA as described previously (Alvarado & Newmark 1999; Rouhana et al. 
2013). EGFP (negative control) and DjpiwiB (positive control) (Hayashi et al. 2010; 
Shibata et al. 2016) were inserted into the plasmid pBluescript SK, DjHRJDa was 
cloned into vector pCR II-TOPO, and DjHRJDb was cloned into pBluescript SK (+/–). 
Each gene was amplified using Ex Taq polymerase to add a T7 promoter site on both 
ends of the target sequences. The PCR products were gel-purified using the Gel/PCR 
Extraction Kit (Genetics) and used as template for synthesizing dsRNA. The primer 
and dsRNA sequences are shown in Table 2-1. 
 
RNAi knockdown by the feeding method 
Twenty-five microliters of chicken liver solution, 6 µl of 2% agarose, and 6 µl of 
dsRNA (32 µg/µl) were mixed and fed to a group of 15 planarians. This food mixture 
 36 
was prepared in small aliquots (approximately 6 µl each) and frozen at –30ºC for 30 
min. Then, I conducted three successive feedings at 2-d intervals. siRNA against EGFP 
was used as negative control and DjpiwiB siRNA was used as a positive control.  
 
RNAi knockdown by microinjection 
Planarians (D. japonica, strain SSP) were cultured in an incubator at 22–24 ºC. The 
worms used in this study (5–7 mm in length) were starved for approximately 1 week 
before microinjection. Worms were injected 3–5 times with dsRNA (32 nL/injection) 
with two successive treatments given at a 2-d interval, using a Drummond Scientific 
Nanoject injector (Broomall, PA, USA). Control worms were injected with EGFP 
dsRNA, which did not target any mRNA encoded in the planarian genome. At 6 h 
following the last set of injections, the worms were amputated into three parts (the head, 
trunk and tail) along the anteroposterior axis, using sterile surgical blades. I incubated 
the fragments at 24 ºC in the dark for regeneration. I counted the surviving fragments 
in each group to calculate the survival rate after two weeks of regeneration. 
 
Quantitative real-time PCR analysis to determine the RNAi efficiency 
I examined the relative expression levels of target genes in four groups (EGFP RNAi, 
DjHRJDa RNAi, DjHRJDb RNAi, and DKD) by real-time PCR. I extracted total RNA 
from the whole bodies of 15 individual D. japonica samples in each group, and cDNA 
was synthesized using a QuantiTect Transcription Kit (Qiagen). I carried out 
quantitative analysis as previously described (Shibata et al. 2016). The sequences of 
primers used for all experiment are shown in Table 2-1. 
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Results 
DjHRJDa and DjHRJDb expression in neoblasts and differentiated cells of 
Dugesia japonica 
The highly regenerative planarian species Dugesia japonica (Nishimura et al. 2012; An 
et al. 2018) and S. mediterranea each had two HRJD orthologues, which are DjHRJDa 
and DjHRJDb in D. japonica and SmHRJDa and SmHRJDb in S. mediterranea (Fig. 1-
3 and Table 1-S3). Based on the above RNA-seq analysis in S. mediterranea, I found 
that SmHRJDb was a DEG during regeneration, whereas SmHRJDa was not (Fig. 2-
1A). The expression level of SmHRJDb was negatively regulated at the beginning of 
regeneration, but that of SmHRJDb was up-regulated after one week (Fig. 2-1A). 
Amino acid sequences, particularly those encoding the JmjC domain, for DjHRJDb and 
SmHRJDb, were more conserved than those for HjHRJDa and SmHRJDa (Fig. 2-1B).  
I speculated that the regeneration-related genes in planarians might be expressed 
specifically in stem cells because stem cells play a central in regeneration (Newmark 
& Alvarado 2001; Agata et al. 2006; Agata & Watanabe 1999). Therefore, I examined 
the expressed patterns of DjHRJDa and DjHRJDb in D. japonica by in situ 
hybridization (Fig. 2-1C-H). I detected DjpiwiA, which is a reliable maker of neoblasts 
(Hayashi et al. 2010; Shibata et al. 2016). The positive control DjpiwiA was expressed 
only in stem cells, and thus I observed that DjpiwiA expression disappeared after 
specifically killing neoblasts with X-ray irradiation (Fig. 2-1B, E). In contrast, I 
observed high DjHRJDa and DjHRJDb expression in the whole body even after X-ray 
irradiation (Fig. 2-1C, D, F, G), although the signals for DjHRJDa and DjHRJDb 
expression without irradiation were higher than those in irradiated planarians. The 
results indicate that DjHRJDa and DjHRJDb were highly expressed in both stem cells 
and differentiated cells of D. japonica. 
 
Regenerative failure after RNAi-mediated knockdown of genes encoding the 
JmjC-domain proteins, DjHRJDa and DjHRJDb, in D. japonica 
To investigate whether HRJDs play an important role in high regeneration ability, I 
conducted RNAi-mediated knockdown of DjHRJDa and DjHRJDb in D. japonica. I 
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used knockdown of DjpiwiB (a reliable maker of neoblasts) (Hayashi et al. 2010; 
Shibata et al. 2016) and EGFP as RNAi positive and negative controls, respectively. It 
took approximately 5 d for planarians to digest the double-stranded RNA (dsRNA) in 
the food after the third feeding. I amputated eight of 15 individuals into three pieces 
(e.g. the head, trunk, and tail, Fig. 2-2A) for each knockdown experiment, and the 
remaining seven individuals were in the non-amputated group. Note that I did not 
distinguish among the amputated body parts (the head, trunk, and tail) in experiment 
using feeding dsRNA method. I did not observe abnormal phenotypes in non-
amputated individuals treated with dsRNA of DjHRJDa, DjHRJDb, or EGFP (negative 
control), even after 7 d. This result indicates that the HRJDs were not essential for 
survival. In contrast, following DjpiwiB knockdown (positive control), 85.7% of non-
amputated individuals and 87.5% of individuals with one amputation died (Fig. 2-2B). 
The effect of DjpiwiB knockdown was too strong for planarian to survive, whereas 
RNAi against DjHRJDa, DjHRJDb, and EGFP did not show any abnormal phenotypes 
after the first amputation. Then, I conducted a second amputation in which the target 
was the blastema of amputated individuals (except for individuals with DjpiwiB 
knockdown). As a result, 46.4% and 28.6% of DjHRJDa and DjHRJDb RNAi 
knockdown planarians died (including one planarian showing an abnormal phenotype) 
during the 7-d regeneration process (Fig. 2-2C-E). 
Blastemas are important cells for regeneration in planarians (Tasaki et al. 2011). 
The distribution of blastemas is not uniform in the planarian body. In particular, stem 
cells are enriched in the trunk compared with the head and tail. Thus, I examined the 
survival rate for each amputated part after RNAi knockdown. To observe more severe 
phenotypes, I conducted RNAi knockdown by injecting dsRNA instead of feeding them. 
It took 6 h for the planarians to digest the dsRNA after the last microinjection, after 
which time I amputated all individuals into three pieces (e.g. the head, trunk, and tail) 
for each knockdown group. To estimate the efficiency of RNAi knockdown, I measured 
the relative expression levels of DjHRJDa and DjHRJDb after knockdown by 
quantitative PCR. I observed that the relative expression levels of DjHRJDa and 
DjHRJDb were silenced by 82.1% and 46.6%, respectively, when each gene was 
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silenced individually (Fig. 2-3). In addition, double knockdown (DKD) experiments 
(where both genes were targeted by RNAi) silenced the relative expression levels of 
DjHRJDa and DjHRJDb by 80.5% and 33.5%, respectively (Fig. 2-3). The knockdown 
planarians started to die 7 d after the first amputation. Death following knockdown 
likely paralleled the observed expression increase of SmHRJDb (a DjHRJDb 
orthologue) in S. mediterranea (Fig. 2-1A and Fig. 2-2F). The abnormal phenotypes 
observed in knockdown individuals occurred faster using the microinjection method 
than with the feeding method. I estimated the survival rates of each group at 14 d after 
treatment. Almost all amputated pieces in the negative control group (EGFP 
knockdown) survived (only one tail fragment died). Although amputated trunk parts in 
knockdown individuals did not die, the amputated head and tail parts died in the 
DjHRJDa (RNAi), DjHRJDb (RNAi), and the DKD groups (Fig. 2-2B, F). Specifically, 
50% of the head parts and 58.8% of the tail parts died after DjHRJDb and DKD RNAi 
knockdown, respectively (Fig. 2-2F). This finding indicates that regeneration in the 
head and tail parts, which include fewer neoblasts compared with the trunk, are likely 
to be influenced by RNAi knockdown of DjHRJDa and DjHRJDb. DjHRJDb is more 
important for regeneration than DjHRJDa is, as more individuals in the DjHRJDb 
RNAi groups died than in the DjHRJDa RNAi group. The death rate of DKD 
(DjHRJDa and DjHRJDb) individuals was higher than that for the group where only 
DjHRJDb or DjHRJDa was knocked down. The expression level of the DjHRJDb 
orthologue in S. mediterranea significantly increased during the regeneration process, 
while that of DjHRJDa orthologue did not change (Fig. 2-1A). This result indicates that 
DjHRJDa expression is needed for regeneration, but that the function of DjHRJDa 




HRJDs associated with the high regeneration ability of planarians 
PIWI family proteins are believed to have important roles in stem cell systems (Carmell 
et al. 2002), are essential for regeneration in planarians (Palakodeti et al. 2008; 
Wenemoser & Peter 2011; Shibata et al. 2016). Thus, I used DjpiwiA as the positive 
control for in situ hybridization in this study. Although the expression of DjpiwiA 
disappeared by X-ray irradiation, the expression levels of two HRJDs (DjHRJDa and 
DjHRJDb) decreased but not disappeared by X-ray irradiation (Fig. 2-1F, G, H). This 
result indicates DjHRJDa and DjHRJDb were expressed not only in differentiated cells 
but also in neoblasts. Proteins in the JmjC-domain family are believed to engage in 
epigenetic regulation (Klose et al. 2006b; Klose et al. 2006a; Tsukada et al. 2006; Chen 
et al. 2011). The two DjHRJDs would have the molecular function both in neoblasts 
and in differentiated cells through epigenetic regulation. 
I examined biological function of DjHRJDa and DjHRJDb by RNAi knockdown. 
I observed that many individuals for DjHRJDa and DjHRJDb knockdown planarians 
could not regenerate their lost parts after cutting their body twice. Remarkably, uncut 
planarians and the first cut knockdown planarians did not show any abnormal 
phenotypes. These results indicate that the candidate genes are not essential for survival 
but for regeneration.  
Reddien (2013) proposed two models for cell specification in planarian 
regeneration, which were naive neoblast and specialized neoblast models. Note that 
intermediate process achieved by undifferentiated blastema cell was included in both 
models. The regenerative process in planarians involves two main processes, namely 
neoblast proliferation and neoblast differentiation (Agata et al. 2006). I speculate that 
DjHRJDb up-regulates a differentiation process from neoblast to undifferentiated 
blastema, and therefore the production of undifferentiated blastemas from neoblasts 
was suppressed by the knockdown of DjHRJDb. The suppression of blastema 
production by DjHRJDb knockdown would cause the increase of neoblasts without 
differentiation by their self-renewal. The DjHRJDb knockdown planarian would have 
maintained some blastemas in the intermediate stage, even though there is no supply of 
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them from neoblasts. The remained blastema cells would become differentiated cells 
during regeneration process after first cutting in DjHRJDb knockdown, however, the 
blastemas would be exhausted in the regeneration process. The DjHRJDb knockdown 
planarian might have many stem cells which cannot produce blastemas resulting in the 
lack of differentiated cells, and thus die after second cutting. This speculation would be 
the reasons why all of planarians did not show any abnormal phenotypes after RNAi 
knockdown of DjHRJDb at the first time cutting, and many of them were dead only 
after second cutting (Fig. 2-4). This finding indicates that HRJDs may involve in 
neoblasts renew or differentiation process. 
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Figure 2-1. HRJD genes in planarians. (A) Expression changes of two HRJD genes (SmHRJDa and
SmHRJDb) during regeneration in S. mediterranea. The X-axis and Y-axis indicate the time after
amputation and FPKM values in S. mediterranea, respectively. The error bars indicate the standard error.
The blue and red asterisks represent significantly down-regulated and up-regulated expression
(regeneration processes vs. control) of SmHRJDb, respectively. SmHRJDa was not a DEG during
regeneration under any condition. (B) Schematic structures and the identity of amino acid sequences
between HRJD orthologues in two planarians. The percentages represent the identity of amino acid
sequences for each divided regions of a HRJD protein in two planarians. (C-E) The expression patterns
of DjpiwiA (control), DjHRJDa, and DjHRJDb in non-irradiated planarians by in situ hybridization. (F-
H) The expression patterns of DjpiwiA (control), DjHRJDa, and DjHRJDb in X-ray irradiated planarians



























Figure 2-2. Survival rate in knockdown planarians after RNAi. (A) The amputation pattern after
knockdown. (B) The survival rate of amputated pieces (head, trunk, and tail) during the planarian
regeneration process. Individual planarians started to die after the second amputation. (C-E) Pictures of
dead head parts after knocking down the expression of DjHRJDa, DjHRJDb, or DjpiwiB (positive
control). (F) The survival rates of amputated pieces (head, trunk, and tail) during the planarian
regeneration process are shown. Individual planarians in the DjHRJDa RNAi (n = 14), DjHRJDb RNAi
(n = 16), and DKD RNAi (n = 17) groups started to die at one-week post-amputation, and I estimated
their survival rates after two weeks.
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Figure 2-3. The RNAi knockdown efficiency of DjHRJDa and DjHRJDb in planarians. The
relative expression levels of DjHRJDa and DjHRJDb after RNAi-mediated knockdown in
planarians are shown. Asterisks represent a significant difference in expression levels between
knockdown and control individuals (P < 0.05).
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Figure 2-4. Schematic drawing of hypothesis about the mechanism of DjHRJD genes during the 








The evolution of the molecular basis for regeneration has been studied and debated for 
decades, but it is still not well understand (Reichman 1984; Dinsmore 1992; Goss 1992; 
Galis et al. 2003; Bely & Nyberg 2009; Bely 2010). Two hypotheses in which 
regeneration has been derived from ancestral character or was acquired in each lineage 
independently were provided by (Goss 1992). They have not been validated because 
there was not comprehensive life information such as genomic data to survey the 
molecular basis of regeneration. The development of the new advanced techniques such 
as next-generation sequencing and highly-performance supercomputing may enable us 
to work on the evolution of regeneration for extensive species which have genomic data. 
I examined one of the two hypotheses, which highly regenerative ability came 
from a common metazoan ancestor. By the genome comparison among 133 metazoans, 
I identified genes shared only in highly regenerative species, named HRJDs. Almost all 
of the identified genes were HRJDs encoding JmjC-domain protein. Some of them are 
differentially expressed during regeneration process in two Cnidarians (Nematostella 
vectensis and Hydra vulgaris), as well as Platyhelminthes (Schmidtea mediterranea) 
and Urochordata (Ciona intestinalis) detected by RNASeq analysis. Furthermore, I 
examined the two HRJDs associated with regeneration in D. japonica and found that 
the planarian individuals failed to regenerate the lost part after RNAi knockdown of 
HRJDs. Thus two HRJDs are strongly related to regeneration in planarian. 
The evolution of regeneration driven by gene losses had already been debated by 
many works (Albalat & Cañestro 2016; Wagner 1998; Smith & Rausher 2011; Ruddle 
et al. 1994; Casewell 2016; Smith et al. 2015). My finding of HRJDs conserved in 
highly regenerative species indicated that the loss of regeneration is derived from the 
losses of gene associated with regeneration. 
Interestingly, one of HRJDs in C. intestinalis is Mina53-like1, was proposed to 
promote mesenchymal cell differentiation during embryo development (Tokuoka et al. 
2004). Any association between Mina53-like1 and regeneration in C. intestinalis was 
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not reported, but it has been proposed that molecular mechanism of the regeneration 
process would be shared with that of the development process (Wang & Conboy 2010; 
Filbin 2006; Harel & Strittmatter 2006). For example, expression patterns of Pl-en, Pl-
Otx1, and Pl-Otx2 are very similar during fission, regeneration and fission in Pristina 
leidyi (one of Annelida) (Bely & Wray 2001). Thus HRJDs such as Mina53-like1 may 
have the similar function as embryo development during regeneration.  
High regeneration and agametic asexual reproduction (e.g. fission, budding) 
tended to co-occur across in metazoans (Hughes 1989; Vorontsova & Liosner 1960). 
40% (6/15) of highly regenerative species in my study have agametic asexual 
reproduction (Reitzel et al. 2011; Thiemann & Ruthmann 1991; Dunkel et al. 2011; 
Ereskovsky & Tokina 2007) whereas any low regenerative species do not have 
agametic asexual reproduction. The regeneration and agametic asexual reproduction 
would share the common molecular mechanism and evolutionary history (Martinez et 
al. 2005; Kramarsky-Winter & Loya 1996; Bely & Wray 2001). 
I have presented evidence of strong associations between HRJDs and regeneration 
processes. Evolutionary conservation of the HRJDs appears to have been important for 
maintaining a high regenerative ability in metazoans. I propose that loss of the HRJDs 
during evolution resulted in the loss of a high ability for regeneration. As I discussed 
above, JmjC-domain containing proteins are epigenetic factors, and thus epigenetic 
experiments such as ChIP-Seq for identifying targets regulated by HRJDs msut be 
needed in future. Furthermore, the examination of function for HRJD orthologues in 
other highly regenerative metazoans such as N. vectensis by RNAi knockdown or 
CRISPR/Cas9 will allow us to prove the generality of regenerative function of HRJDs 
in metazoans. My findings shed insight into common genetic and epigenetic 
mechanisms required for regeneration in metazoans, and may lead to practical 
applications for regenerative medicine in the future. 
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